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The Regulation of Notch Signaling Controls
Satellite Cell Activation and Cell Fate
Determination in Postnatal Myogenesis
proliferation and cell fate determination and in asymmet-
ric cell divisions during embryogenesis (Artavanis-Tsa-
konas et al., 1999), we were interested to explore the
role of this pathway in muscle satellite cell activation.
Notch has been shown to participate in neurogenesis,
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Palo Alto, California 94304 developmental decisions in various tissues and organs
(Artavanis-Tsakonas et al., 1995; Conlon et al., 1995;
Beckers et al., 1999; Gridley, 1997; Kimble and Simpson,
Summary 1997; Weinmaster, 1998). When activated by its ligands
(Delta and Jagged in vertebrates and Serrate in inverte-
We have studied the role of Notch-1 and its antagonist brates), the intracellular portion of Notch is cleaved and
Numb in the activation of satellite cells during postna- translocates to the nucleus, where it activates a family
tal myogenesis. Activation of Notch-1 promoted the of transcription factors, exemplified by Suppressor of
proliferation of myogenic precursor cells expressing Hairless and CBF/RJBk, and stimulates expression of
the premyoblast marker Pax3. Attenuation of Notch bHLH genes, such as Enhancer of Split (Artavanis-Tsa-
signaling by increases in Numb expression led to the konas et al., 1995). Activation of Notch in vivo in the
commitment of progenitor cells to the myoblast cell developing Drosophila wing results in the direct upregu-
fate and the expression of myogenic regulatory fac- lation of cell proliferation without having effects on cell
tors, desmin, and Pax7. In many intermediate progeni- fate (Baonza and Garcia-Bellido, 2000). In contrast, in
tor cells, Numb was localized asymmetrically in ac- neural crest stem cells, the activation of Notch specifi-
tively dividing cells, suggesting an asymmetric cell cally skews cell fate determination toward the glial lin-
division and divergent cell fates of daughter cells. The eage without having any effects on cell proliferation or
results indicate that satellite cell activation results in stem cell renewal properties (Morrison et al., 2000). In
a heterogeneous population of precursor cells with
cultured human hematopoietic cells, constitutively ac-
respect to Notch-1 activity and that the balance be-
tive Notch delays differentiation and diminishes the
tween Notch-1 and Numb controls cellular homeosta-
number of cells in the G0/G1 phase of the cell cycle,
sis and cell fate determination.
suggesting that there are positive effects on cell prolifer-
ation (Carlesso et al., 1999). Thus, Notch signaling mayIntroduction
play a role in multiple steps of morphogenesis, including
an early critical role in cell fate determination and laterIn response to injury, adult skeletal muscle has a remark-
roles in the regulation of cell proliferation and differenti-able ability to regenerate, a process that recapitulates
ation.many of the features of muscle formation during embry-
Numb is an inhibitor of Notch signaling that interactsonic development (Allbrook, 1981). The primary cellular
with the intracellular portion of Notch and antagonizesconstituents of mature muscle that are responsible for
its activity by preventing nuclear translocation (Guo etthis regenerative potential are the satellite cells, which
al., 1996; Wakamatsu et al., 1999). Asymmetric localiza-are quiescent mononucleated cells defined by their loca-
tion of Numb during mitosis results in daughter cellstion, adjacent to mature myofibers, but beneath the
with different levels of Numb, thereby directing neuronalbasal lamina that surrounds them (Mauro, 1961). A large
cell fate decisions during Drosophila neurogenesis, inmajority of quiescent satellite cells have been found to
avian neural crest progenitors and in avian and mouseexpress CD34 and M-cadherin (Beauchamp et al., 2000).
neocortex (Rhyu et al., 1994; Wai et al., 1999; Waka-When activated by stimuli such as muscle injury or exer-
matsu et al., 1999, 2000; Zhong et al., 1996, 1997). Itcise, satellite cells begin to proliferate and commit to a
was proposed that interplay between Notch, Numb, andmyoblast cell fate, defined by the expression of certain
the Numb homolog Numblike determines neuronal cellmyogenic regulatory factors (MRFs) and lineage mark-
fate in the mouse (Zhong et al., 1996, 1997). Certainers, such as Myf-5, MyoD,7 integrin, and desmin (Creu-
isoforms of Numb were shown to induce commitmentzet et al., 1998; George-Weinstein et al., 1993), and by
toward a neuronal cell fate, whereas others promotedthe ability to fuse to form nascent myotubes (Schultz and
cell proliferation without having major effects on cellMcCormick, 1994). However, the molecular mechanisms
fate determination (Verdi et al., 1999).underlying satellite cell activation and commitment are
Notch may have multiple roles in myogenesis. It isnot known. Clearly, such cells must have a tremendous
proliferative potential and must have some capacity for well established that Notch, activated by Delta, inhibits
asymmetric cell division to allow for self-renewal of sat- the formation of muscle progenitor cells from the so-
ellite cells to maintain the precursor pool. Given the matic mesoderm in Drosophila (Brennan et al., 1999;
role of the Notch signaling pathway in regulating cell Corbin et al., 1991; Rusconi and Corbin, 1998). However,
Notch was shown to be a positive regulator of the Dro-
sophila SNS gene, which is essential for the terminal3 Correspondence: rando@stanford.edu
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Figure 1. Myofiber Explants Generate Prolif-
erating, Fusion-Competent Myoblasts
(A) Proliferation of desmin cells. Myofiber
explants were isolated and cultured for 96 hr,
as described. BrdU was added to the culture
medium for 2 hr, and the cultures were then
assessed for BrdU incorporation and desmin
expression. Clearly, a substantial percentage
of the mononucleated cells (shown by
Hoechst staining) were already desmin at
this time, and most were BrdU.
(B) Fusion competence of explant-derived
myoblasts. Myoblast cultures derived from
myofiber explants were transferred into low
serum medium for 48 hr and analyzed for the
expression of eMHC (red). Hoechst dye (blue)
was used to reveal nuclei in differentiated
myotubes.
differentiation of muscle cells (Bour et al., 2000). Asym- Results
metric segregation of Numb determines the fate of sib-
Expression of Notch-1, Delta, and Numb andling myoblasts during terminal divisions in the myogenic
Activation of Notch-1 during Satellite Cell Activationlineage in Drosophila embryos (Ruiz and Bate, 1997;
Using a myofiber explant system, we were able to moni-Carmena et al., 1998; Park et al., 1998). In the murine
tor satellite cell activation and proliferation by assessingC2C12 myoblast cell line, constitutively active Notch
BrdU incorporation. No BrdU cells were detectable inwas found to delay expression of the myogenic differen-
association with myofibers before 24 hr ex vivo. Thetiation markers MyoD and myogenin (Nofziger et al.,
number of proliferating myogenic precursor cells in-1999). In chick limb development, the forced activation
creased gradually over the next 48 hr and then increasedof Notch induced by overexpression of Delta also results
dramatically between 72 hr and 96 hr ex vivo (Figurein a delay in differentiation (Delfini et al., 2000). Activation
1A), generating large numbers of fusion-competentof Notch in this system causes a downregulation of
myoblasts (Figure 1B).MyoD, normally detected in cells exiting the cell cycle,
We tested whether Notch signaling plays a role in thebut not a downregulation of Pax3 or Myf-5 expressed
satellite cell activation during postnatal myogenesis byby proliferating myogenic precursor cells.
first examining explant cultures during the first 96 hrWe have developed a variation of a myofiber explant
ex vivo for the expression of Notch signaling proteinssystem (Rosenblatt et al., 1995) that mimics injury of
(Figure 2A). Full-length Notch-1 was present at time 0,skeletal muscle in vivo with respect to progenitor cell
whereas activated Notch-1 (Notch-1*) was undetectable
activation and proliferation and has allowed us to study
at this time. Notch-1* levels increased between 0 hr and
these processes ex vivo. We show that Notch-1 be- 96 hr. The appearance of active Notch-1 paralleled the
comes activated in satellite cells as they progress from expression of its ligand Delta, which was not detectable
a state of quiescence to one of active proliferation as at time 0 but increased with time ex vivo. Interestingly,
myogenic precursor cells. Interestingly, Numb was Numb was present initially, decreased over the first 24
found to be localized asymmetrically in dividing muscle hr, and then increased again with time ex vivo. Both
progenitor cells, the progeny of which become hetero- satellite cell markers, CD34 and M-cadherin, were pres-
geneous with respect to the levels of this Notch antago- ent initially. CD34 levels decreased with time ex vivo,
nist. We show that Notch positively controls the expan- whereas M-cadherin levels increased, consistent with
sion of myogenic progenitor cells during satellite cell the expression of M-cahedrin in myoblasts (Irintchev et
activation and that Numb may play a role in cell fate al., 1994) as well as in satellite cells (Beauchamp et al.,
specification, the attenuation of Notch-mediated cell 2000). The myoblast marker desmin increased with time
proliferation, and the promotion of myogenic differenti- in culture, beginning around 72 hr ex vivo. As expected,
long-term myoblast cultures were CD34, M-cadherin,ation.
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and desmin; these cells were also Notch-1*, Delta,
and Numb (Figure 2A).
We used immunohistochemical analysis to confirm
that Notch-1, Delta, and Numb, detected by Western
analysis, were expressed in mononucleated progenitor
cells associated with myofibers, but not in the myofibers
themselves (Figure 2B). At 96 hr ex vivo, Notch-1, Delta,
and Numb were present in the majority of mono-
nucleated cells associated with the myofiber. Notch-1
was coexpressed in myogenic precursor cells with
CD34, M-cadherin, and desmin (Figure 2C), although
CD34 cells were very rare at this time point. These
results confirm that the satellite cell population (CD34,
desmin) diminishes with time ex vivo relative to the
myoblast population (CD34, desmin) and that Notch-1
activation and the increased expression of Delta coin-
cide with satellite cell activation.
Notch-1 Is Activated in Myofiber-Associated Cells
upon Muscle Injury In Vivo
We assessed the activation of Notch-1 and the appear-
ance of desmin, Notch-1* proliferating myoblasts
after muscle injury in vivo to compare with the results
in our ex vivo explant system. Injury resulted in the
generation of proliferating desmin cells associated with
myofibers and an increase in the expression of desmin
and activated Notch-1 in the tissue (Figures 3A and 3B).
To confirm that Notch-1 and desmin are coexpressed in
muscle precursor cells after muscle injury, we costained
muscle cryosections with anti-Notch-1 and anti-desmin
antibodies 96 hr after injury. As shown in Figure 3C,
Notch-1, desmin cells were present only at the site
of injury. These results demonstrate that muscle injury
induces the activation of Notch-1 and the expansion of
Notch-1*, desmin myoblasts in vivo, paralleling what
was observed ex vivo.
Asymmetric Numb Localization during Satellite
Cell Activation
Most interestingly, immunostaining for Numb revealed
crescent-like patterns of expression in mononucleated
sis was performed using antibodies specific for the indicated pro-
teins. Full-length Notch-1 was detected using the H-131 anti-Notch-1
antibody, recognizing only the extracellular portion of this protein.
M-20 antibody specific for the intracellular domain of Notch-1 was
used to detect the truncated (120 kDa) protein, which is the activated
form (Notch-1*). Actin expression was used as a control. Similar
results were obtained in three independent time-course experi-
ments.
(B) The expression of Notch signaling molecules in early muscle
progenitor cells. Myofibers harvested between 72 and 96 hr ex vivo
were stained with antibodies to Notch-1, Delta, and Numb. Clearly,
each of these proteins is detectable in mononucleated cells and
undetectable in the associated fiber. Hoechst dye (lower panels)
was used to reveal both fiber nuclei and the nuclei of associated
Figure 2. Expression of Myogenic Lineage Markers and Notch Sig- mononucleated cells.
naling Proteins during Satellite Cell Activation (C) The coexpression of Notch-1 and myogenic lineage markers.
(A) Time course of expression of Notch signaling components and Myofibers harvested between 72 and 96 hr ex vivo were stained
lineage markers during satellite cell activation. Myofibers were har- with antibodies to desmin, M-cadherin, or CD34 (red) and with anti-
vested for Western analysis at 0–96 hr ex vivo. The initial time point Notch-1 antibodies (green). Hoechst dye was used to label nuclei.
(0 hr) is shown in duplicate. Long-term (LT) cultures, also shown in Notch-1 was clearly expressed in cells also expressing desmin and
duplicate, represent primary myoblasts generated from the ex- M-cadherin. CD34 cells were rare at this time point but did express
plants, adherence purified and expanded in culture. Western analy- Notch-1.
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Figure 3. Muscle Injury In Vivo Results in the
Activation of Notch-1 and in the Appearance
of Proliferating, Notch-1 Myoblasts
(A) Generation of myofiber-associated mus-
cle progenitor cells after muscle injury in vivo.
Tibialis anterior muscles were injured, and
myofiber explants were isolated immediately
(0 hr) or 72 hr later. The explants were labeled
with BrdU for 2 hr and then stained with an
anti-BrdU antibody (green) and an anti-des-
min antibody (red). There was a marked in-
crease in desmin cells by 72 hr after injury.
Nearly all desmin cells were actively prolifer-
ating.
(B) Activation of Notch-1 after muscle injury
in vivo. Myofibers were isolated immediately
after or 72 hr after injury and analyzed by
Western blotting for the expression of acti-
vated Notch-1 and for desmin. No Notch-1*
or desmin was detectable at time 0, but both
increased dramatically by 72 hr after injury.
Actin was used as a normalizing control. Simi-
lar results were obtained in 3 independent
experiments.
(C) Colocalization of desmin and Notch-1 in
regenerating muscle in vivo. Muscles were
subjected to freeze injury to produce focal
muscle damage. Four days after injury, cryo-
sections of injured muscles were examined
for desmin and Notch-1 expression in areas
of regeneration. Hoechst staining clearly
shows the demarcation between normal
muscle containing few nuclei and regenerat-
ing muscle, in which there was a large number
of mononucleated cells concentrated in the
regenerating area. The expression of desmin
and Notch-1 was seen most prominently in
mononucleated cells adjacent to the normal
muscle, where the regenerative process
commences.
cells in the explant cultures, indicating that Numb might cellular localization of Numb using confocal microscopy.
These results confirmed that Numb was indeed localizedbe distributed asymmetrically (Figure 4A). Given the im-
portance of asymmetric Numb expression in cell fate asymmetrically in many myofiber-associated mono-
nucleated cells 48–72 hr ex vivo (Figure 4B). In thosedetermination in a variety of systems, we studied the
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cells that were Numb but did not show asymmetric (Figure 5C) suggests that Pax7, like high Myf-5 and des-
min expression, is a marker of a more committed myo-Numb localization, the level of expression varied consid-
erably. genic phenotype than is Pax3. Therefore, the Pax3 im-
munoreactivity pattern is distinct from that of Pax7,The asymmetric localization of Numb in muscle pro-
genitor cells suggests that these cells may undergo underlying potential differences in the function of these
genes during adult myogenesis.asymmetric cell division, with one daughter cell inher-
iting a high level of Numb and the other daughter inher-
iting a low level of Numb or no Numb at all. To test more Skewing the Balance between Notch-1
directly for this type of asymmetric cell division in this and Numb Affects MRF Expression
population, we assessed Numb localization in cells at The correspondence between the expression of Numb
various stages of cell division. First, using a Hoechst and MRFs suggested that attenuation of Notch-1 activity
DNA dye to visualize condensed metaphase and ana- is required for the acquisition of a committed myoblast
phase chromosomes (Wakamatsu et al., 2000), we found phenotype in postnatal myogenesis. To test this causal
that Numb was localized to one pole of dividing cells, relationship directly, we expressed constitutively active
perpendicular to the plane of mitosis (Figure 4C). The Notch-1 in muscle progenitor cells. Cells were infected
completion of mitosis in these cells would thus neces- with either a retroviral construct containing constitu-
sarily result in the inheritance of Numb by only one tively active, truncated Notch-1 (Notch-1*) and green
daughter cell. Second, we assessed Numb localization fluorescent protein (GFP) or a control retroviral construct
in cultures that had been pulsed with BrdU for 2 hr. containing only GFP. Stable cell lines derived from three
Asymmetric Numb localization could clearly be seen in independent infections with each construct were tested
actively dividing cells (Figure 4C). Third, we costained for the expression of myogenic lineage markers (Figures
cultures for Numb and proliferating cell nuclear antigen 6A and 6B). Expression of constitutively active Notch-1
(PCNA), a cyclin-associated protein that peaks during resulted in the upregulation of Pax3 and in a marked
cell division and is undetectable in cells that are not downregulation of Myf-5, MyoD, and desmin. Overex-
actively dividing. As with BrdU cells, asymmetric Numb pression of Notch-1* resulted in no increase in Pax 7
localization could clearly be seen in PCNA cells (Figure mRNA or protein levels; in fact, Pax7 protein levels were
4C). These results support the interpretation that asym- modestly reduced in cells expressing Notch-1* com-
metric Numb localization occurs during the process of pared with control cells (Figure 6B).
cell division, generating daughter cells that are hetero- As a complementary approach, we overexpressed
geneous with respect to levels of Numb. Numb in the cultures by transient transfection. Overex-
pression of Numb in muscle progenitor cells resulted in
the downregulation of Pax3 (with little change in Pax7)Heterogeneity of Numb Expression and Cell Fate
and in the upregulation of Myf-5 and desmin proteinsDetermination during Adult Myogenesis
(Figure 6C). Therefore, these genetic data further sup-We hypothesized that myogenic progenitor cells with
port the hypothesis that activation of Notch-1 promotesdifferential levels of Numb would acquire different cell
a less committed myogenic phenotype and that the at-fates. To test this hypothesis, we analyzed Numb ex-
tenuation of Notch-1 activity by Numb promotes pro-pression and the expression of MRFs and myogenic
gression along the myogenic lineage toward a myoblastlineage markers in the population. Myofibers were iso-
cell fate.lated 72 hr after injury and cultured overnight, generating
colonies of myogenic progenitor cells, nearly all of which
were M-cadherin and Notch-1. The expression of Altering the Balance between Notch and Numb
Regulates Proliferation and DifferentiationNumb and Pax3 were virtually mutually exclusive in
these cells, whereas there was a near complete coinci- of Myogenic Precursor Cells
Since the attenuation of Notch-1 activity resulted in thedence in the expression of Numb with Myf-5 and desmin
at this stage (Figures 5A and 5B). Thus, Numb cells upregulation of MRFs, we next examined the effects
of Notch signaling on myoblast proliferation and differ-have a less committed muscle precursor phenotype, as
indicated by the expression of the premyoblast Pax3 entiation. Myoblasts expressing constitutively active
Notch-1 or overexpressing Numb were labeled with agene, whereas Numb cells have a more committed
precursor phenotype, as evidenced by the absence of cell-tracking dye, SNARF, for 24 hr to assess cell prolifer-
ation (Figure 7A). The expression of constitutively activePax3 and high levels of Myf-5 and desmin.
Because Pax7 has been implicated in the control of Notch-1 enhanced the proliferation of primary myo-
blasts. By contrast, the overexpression of Numb re-postnatal myogenesis (Seale et al., 2000), we also exam-
ined the relationship between Pax7 and Numb expres- sulted in a lower rate of cell proliferation.
By labeling cells with BrdU, we confirmed that en-sion. Cells that were Numb were found to have detect-
able levels of Pax7, whereas Numb cells were not hanced Notch signaling promotes myoblast prolifera-
tion. The constitutive activation of Notch-1 led to higher(Figure 5C). Although the polyclonal antibody used to
assess Pax3 levels (Figure 5A) is known also to recog- rates of BrdU incorporation in growth medium (GM) and
even continued to promote myoblast proliferation uponnize Pax7, the Pax3 antibody did not reveal any staining
above background in the Numb cells; the immunostain- serum withdrawal (Figure 7B). This potent mitogenic
activity of Notch signaling was further supported bying detected by the anti-Pax7 monoclonal antibody was
clearly more sensitive for detecting Pax7 expression. assessment of myogenic differentiation. The expression
of the differentiation-specific marker, embryonic myosinThe appearance of Pax7 staining in the Numb cells
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heavy chain (eMHC), and the production of multinucle- of Notch-1 is important for the expansion of Pax3,
ated myotubes were significantly reduced by the ex- M-cadherin, and MRF myogenic progenitor cells,
pression of constitutively active Notch-1 (Figure 7B). while the attenuation of Notch-1 activity by Numb con-
By contrast, high levels of Numb resulted in myotube trols cellular homeostasis and commitment to the myo-
formation, even in GM (data not shown). These data blast cell fate during postnatal myogenesis. Full-length,
indicate that the activation of Notch-1 strongly promotes inactive Notch-1 is present in quiescent satellite cells
myoblast proliferation and inhibits differentiation of and becomes activated upon injury in vivo or myofiber
muscle progenitor cells, consistent with the effects of explantation (Figures 2 and 3). The expression of the
Notch activation on the expression of Pax3 and MRFs Notch antagonist Numb drops during the first 48 hr ex
(Figures 5 and 6). vivo, when proliferating cells first appear (Figure 2A).
To assess the effects of inhibition of Notch-1 activity Induction of Notch-1 activation leads to enhanced cell
on cell proliferation, we used an RNAi approach (Elbashir proliferation (Figure 7). As the cells proliferate, more
et al., 2001). Freshly isolated primary cultures were re- frequent cell-cell contacts would be expected to in-
peatedly transfected with either control dsRNAs or crease Notch activation further, since the Notch ligand
dsRNAs targeted to Notch-1. The presence of the dsRNAs Delta is expressed on the cells (Figure 2). However, the
specific to Notch-1 diminished levels of Notch-1 and re- expansion of muscle progenitor cells is also accompa-
duced the rate of BrdU incorporation by approximately nied by the upregulation of Numb (Figure 2), which may
2-fold (Figure 7C). These effects of dsRNA on the levels serve to maintain cellular homeostasis.
of Notch-1 and on cell proliferation were transient and One of our most intriguing observations was that
were most evident in rapidly proliferating, recently es- Numb is localized asymmetrically in dividing myogenic
tablished myoblast populations. progenitor cells (Figures 4 and 5). The asymmetric local-
Since attenuation of Notch-1 signaling seemed to be ization of Numb has been described during embryogen-
required for cells to exit from the cell cycle and differenti- esis, where it is involved in cell fate determination in
ate into myotubes, we hypothesized that levels of en- different tissues (Artavanis-Tsakonas et al., 1999; Park
dogenous Numb might be upregulated in differentiating et al., 1998; Wai et al., 1999; Carmena et al., 1998; Ruiz
myoblasts. Numb was present at similar levels through-
and Bate, 1997). This is the first demonstration of this
out all phases of the cell cycle in cells maintained in
phenomenon in mammalian myogenesis or in adult tis-
GM (Figure 7D). Cells that were instead maintained in
sue repair. Furthermore, asymmetric cell division hasmitogen-poor medium had higher average levels of
not previously been demonstrated in the mammalianNumb and withdrew from the cell cycle, accumulating
myogenic lineage, although it has long been postulatedin the G0/G1 phase. Taken together, these results show
because of the presumption that muscle progenitor cellsthat Notch-1 activity promotes myogenic cell prolifera-
must be capable of self-renewal. Here we demonstratetion and that attenuation of Notch-1 activity by its antag-
in postnatal myogenesis that BrdU and PCNA cellsonist Numb causes cells to exit from the cell cycle,
display asymmetric Numb localization. In those cells,express MRFs, and undergo myogenic differentiation.
Numb is positioned at one pole of dividing cells, perpen-
dicular to the plane of division, providing direct evidenceDiscussion
of asymmetric cell division in which only one daughter
cell will inherit Numb protein (Figure 4C).The molecular mechanisms controlling adult myogen-
Our data show that the activation of satellite cellsesis and regulating the transition of satellite cells from
by injury results in the generation of a heterogeneousa quiescent state to an actively proliferating state are
population of cells with respect to the levels of Notch-1poorly understood. In addition, cell fate determination
signaling activity. Enhancement of Notch signaling,in the myogenic lineage is not well defined. Here we
whether arising from the loss of cellular Numb, frominvestigated the role of the Notch signaling pathway in
these processes. Our results suggest that the activation asymmetric cell division, or by the expression of consti-
Figure 4. Numb Is Localized Asymmetrically in Dividing Muscle Progenitor Cells
(A) Asymmetric Numb localization in myofiber-associated progenitor cells. Myofibers harvested at 48 hr and 72 hr ex vivo were stained with
anti-Numb antibodies (green). Representative cells showing crescent-like Numb immunofluorescence and corresponding nuclei stained with
Hoechst dye are marked by arrows.
(B) Confocal microscopic examination of Numb localization in muscle progenitor cells. Myofiber explants between 48 and 72 hr ex vivo were
stained with PI (red) to label nuclei and with anti-Numb antibodies (green) and analyzed by confocal microscopy. The top left panel shows a
single optical section in which there are Numb cells (arrows) and Numb cells (arrowheads). The top right panel is a magnification of the
region outlined by the dashed box in the panel to the left, averaged through the entire thickness of the section. The middle panel shows
another confocal image demonstrating four Numb cells, two of which show asymmetric Numb distribution (filled arrows). The bottom panel
shows cells with asymmetric Numb distribution (filled arrows) but also shows cells (open arrows) in which Numb is not distributed asymmetrically
but is clearly expressed at different levels (low in the cell on the left; high in the cell on the right).
(C) Asymmetric Numb localization in actively dividing muscle progenitor cells. The upper left panels show three individual cells with anaphasic
chromosomal patterns shown by Hoechst staining. Numb is localized to one pole, perpendicular to the plane of mitosis. The upper right
panels show a single cell costained for Numb (red) and BrdU (green) after the culture had been exposed to BrdU for 2 hr. Nuclear staining
with Hoechst dye is merged with Numb staining. The bottom panels show a field in which cells were costained with antibodies to Numb
(green) and to PCNA (red). Asymmetric Numb localization is clearly evident in actively dividing BrdU and PCNA cells. The Numb staining
of the PCNA cell outlined by the dashed box is magnified in the panel to the right to demonstrate Numb asymmetry in a cell that is not only
PCNA but that also shows a metaphasic chromosomal pattern of Hoechst dye staining.
Figure 5. Numb and Numb Muscle Progenitor Cells Differ in the Expression Pattern of MRFs, Desmin, and Pax Genes
Myofibers were isolated 72 hr after injury and cultured overnight. Cultures were costained with an anti-Numb antibody (green) and with
antibodies (all red) against other markers of the myogenic lineage. Hoechst dye (blue) was used to mark nuclei and is shown merged to the
images of Numb staining. Three independent experiments produced similar results.
(A) Mutually exclusive expression of Numb and Pax3 in myogenic precursor cells. Cultures were costained for Numb and for Pax3. Pax3
immunofluorescence was observed almost exclusively in Numb cells. The double arrows identify adjacent cells that may be daughter cells
of an asymmetric cell division, with one daughter being Numb (and Pax3) and the other daughter being Numb (and Pax3).
(B) Myf-5 and desmin are expressed in Numb cells. Explant cultures were stained for Numb and for either Myf-5 or desmin. Myf-5 and desmin
were expressed almost exclusively in Numb cells. As in (A), the double arrows identify adjacent cells, one of which is Numb and the other
of which is Numb, perhaps representing daughter cells of asymmetric cell division. The Numb cells are Myf-5 and desmin, whereas the
Numb cells are Myf-5 and desmin.
(C) Coexpression of Numb and Pax7 in myogenic precursor cells. Explant cultures were stained for Numb and Pax7. Most Numb cells were
Pax7, whereas Numb cells showed no detectable Pax7 expression. Pax7 was also upregulated in desmin cells (data not shown).
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Figure 6. Constitutively Active Notch-1 and
Overexpression of Numb Alter the Expression
of MRFs and Pax Genes in Muscle Progenitor
Cells
(A) Notch-1 activation enhances the expres-
sion of Pax3 and diminishes MRF expression.
Primary myoblasts stably expressing consti-
tutively active Notch-1 or a control vector
were maintained in GM and harvested for
Western analysis when they were approxi-
mately 80% confluent. Pax3 was increased in
cells expressing constitutively active Notch-1
compared with control cells, whereas Myf-5,
MyoD, and desmin were markedly reduced.
At least three independent experiments pro-
duced similar results.
(B) Effects of constitutively active Notch-1 on
Pax3 and Pax7 expression. Cultures were as-
sessed by RT-PCR (left panel) to determine
the effects of Notch signaling on transcript
levels of Pax3 and Pax7. Clearly, Pax3 ex-
pression increased in cells expressing consti-
tutively active Notch, whereas Pax7 expres-
sion did not. FACS analysis (right panel)
showed that Pax7 protein levels were slightly
reduced in cells expressing constitutively ac-
tive Notch.
(C) Overexpression of Numb diminishes Pax3
expression and enhances MRF and desmin
expression. Twelve hours after myofiber iso-
lation, cultures were transfected with Numb
or a control vector and harvested for a West-
ern analysis 32 hr later. Compared with cul-
tures transfected with control vector, cultures
transfected with the Numb construct had
higher levels of Numb, Myf-5, and desmin.
Pax3 protein levels were diminished, whereas
Pax7 levels did not change significantly. Simi-
lar results were obtained in two independent
experiments.
tutively active Notch-1, was associated with persistent 2001). Pax3 expression precedes that of Myf-5 and
MyoD and is required for the myogenic differentiationPax3 expression and the inhibition of MRF and desmin
expression. Moreover, we found that cell fate determina- of P19 stem-like cells in vitro (Ridgeway and Skerjanc,
2001). In agreement with the distinct roles of Pax3 andtions in the myogenic lineage were clearly related to the
level of Numb expression. Numb cells expressed high Pax7 genes during embryonic myogenesis (Mansouri et
al., 1996), these genes also seem to function differentlylevels of the committed myogenic lineage markers Myf-
5, Pax7, and desmin, whereas Numb cells expressed in adult muscle myogenesis. Unlike Pax3, Pax7 is coex-
pressed with Numb and is upregulated upon differentia-the premyoblast marker Pax3, but not Pax7, MRFs, or
desmin (Figure 5). Accordingly, overexpression of Numb tion of muscle progenitor cells into myoblasts (Figure
5C). The specific roles of these genes in satellite cellskewed muscle progenitor cells toward commitment to
becoming myoblasts, expressing low levels of Pax3 and activation and the commitment of cells in the myogenic
lineage remains to be determined, but they are clearlyhigh levels of Myf-5 and desmin (Figure 6). These results
clearly demonstrate that, during adult myogenesis, not redundant.
The data presented here provide new insights intoasymmetric cell division leading to differential inheri-
tance of Numb actually causes divergent patterns of the molecular mechanisms of satellite cell activation,
cellular homeostasis, myogenic commitment, and thegene expression and cell fate determination.
During embryonic development, Pax3 was shown to regulation of myoblast growth and differentiation. These
results introduce Notch-1 and Numb as important cellbe required for the migration of myogenic precursor
cells into limb buds (Bober et al., 1994) and for the markers and regulatory factors of adult muscle repair
and may provide insight into the self-renewal propertiesstimulation of cell proliferation, leading to the expansion
of myogenic progenitor cells (Mennerich and Braun, of muscle progenitor cells.
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Figure 7. Notch Signaling Enhances Myoblast Proliferation and Inhibits Myogenic Differentiation
(A) Notch signaling enhances myoblast proliferation. Myoblast cultures were stably transduced with retroviral constructs expressing Notch-
1* (left panel) or transiently transfected with expression plasmid expressing Numb (right panel) and their respective controls. Cells were
incubated with 2 M SNARF for 10 min at 37C, washed twice with PBS, cultured in GM for 24 hr, and then analyzed by FACS. SNARF mean
fluorescence was determined for GFP-positive cells only. A lower fluorescence corresponds to a higher rate of proliferation, since the cell
tracking dye is diluted by the process of cell division. The proliferation rate was increased by Notch-1* expression and decreased by Numb
expression. Similar results were obtained in at least three independent experiments.
(B) Constitutively active Notch inhibits myoblast differentiation. Cells expressing control vector or Notch-1* (as in [A]) were cultured in GM
(“20% FBS”) or in OptiMem with low serum (“1% FBS”) for 24 hr. During the final 2 hr, cells were labeled with BrdU. Cells were then fixed
and stained with antibodies to BrdU (green) and to eMHC (red). The cultures were also stained with Hoechst dye to identify all nuclei. The
expression of Notch-1* resulted in an increase in percentage of BrdU cells and inhibited myoblast differentiation, even under conditions of
low serum medium. Similar results were obtained in three independent experiments.
Notch-1 Signaling in Postnatal Myogenesis
407
Experimental Procedures Retroviral Constructs and Infection
Retroviral constructs expressing either activated Notch-1 and GFP
or GFP alone were generated by Dr. Tony Hill in Dr. Susan McCon-Mice
C57BL/6 male mice (3–6 months old) were obtained from Jackson nell’s laboratory at Stanford University and were generously pro-
vided. The cDNA construct containing activated Notch-1 was sub-Laboratories (Bar Harbor, ME) and maintained in the Veterinary Med-
ical Unit of the VA Palo Alto Health Care System. To obtain muscles cloned into the LZRS CA retroviral backbone (Okada et al., 1999)
with GFP downstream of an IRES site; the control vector encodingundergoing regeneration, we anesthetized mice with Metofane
(Schering-Plough Animal Health Corporation, Union, NJ), and tibialis enhanced GFP was subcloned from unmodified EGFP-N1 into LZRS
CA. Replication-incompetent LZRS-CA-based retroviruses wereanterior muscles were injured by repeated piercing with a 23 gauge
needle or by the direct application of dry ice to the exposed muscle generated using the 293T human embryonic kidney cell-derived
Phoenix helper cell line (gift from Dr. Gary Nolan, Stanford Univer-belly. After the injury, the skin was sutured closed. Animals were
handled in accordance with the guidelines of the Administrative sity). For infection, myoblasts were incubated with viral supernatants
overnight in OptiMem supplemented with 0.008 mg/ml polybrene,Panel on Laboratory Animal Care of Stanford University.
10% FBS, 5 ng/ml basic fibroblast growth factor, and 1% pen/strep.
Infected cells were then cultured in GM for an additional 24 hr,Antibodies and Reagents
Anti-CD34, anti-MyoD, anti-M-cadherin, anti-Numb, and FITC-cou- selected for puromycin resistance with 1 g/ml puromycin, ex-
panded, and sorted by FACS for GFP expression.pled anti-BrdU antibodies were obtained from PharMingen (San
Diego, CA). Anti-Numb was a gift from Dr. Weimin Zhong (Yale
University, CT). Anti-desmin antibodies were obtained from Nova- Transfections of Plasmids Expressing Numb
and Control Plasmidscastra (Burlingame, CA). Anti-Notch-1 (M-20 and H131), anti-Pax3,
anti-Myf-5, anti-PCNA, and anti-Delta (H-20 and H-265) antibodies Numb cDNA was obtained from Dr. Weimin Zhong and subcloned
into CMV-based pTracer expression vector (Invitrogen, Carlsbad,were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-Pax7 was generated by Dr. Atsushi Kawakami and obtained CA). Freshly isolated myofiber explants were cultured for 12 hr, after
which myofibers were removed and muscle progenitor cells werefrom the DSHB (University of Iowa). Control isotype-matched pri-
mary antibodies and fluorochrome-labeled secondary antibodies transfected with 3 g of Numb or control vector with Effectene
transfection reagent (Qiagen, Valencia, CA) as recommended by thewere purchased from Santa Cruz Biotechnology, Calteg (Burl-
ingame, CA), and Molecular Probes (Eugene, OR). manufacturer. Thirty-six hours after the transfection, the cells were
harvested for Western analysis. For the analysis of cell proliferationSNARF was obtained from Molecular Probes. BrdU was pur-
chased from Boehringer-Mannheim/Roche Diagnostics (Indianapo- with SNARF, cell cultures were also cotransfected with pcDNA3.1
vector expressing GFP under an HCMV promoter (obtained fromlis, IN). Hoechst 33258, propidium iodide (PI), polybrene, and RNase
A were purchased from Sigma (St. Louis, MO). Dr. Ron Kopito, Stanford, CA).
Immunofluorescence MicroscopyMyofiber Explant Preparation
Hindlimb muscles were incubated in Dulbecco’s modified Eagle’s Myofibers were pelleted by centrifugation for 30 s at 100  g,
washed with PBS, and fixed for subsequent antibody staining. Cellsmedium (Gibco BRL, Rockville, MD) with 2% (w/v) collagenase II
(Gibco BRL) for 90 min at 37C. Digested muscle was then washed were fixed with 70% ethanol in individual wells of 6-well plates. For
the detection of intracellular epitopes, myofibers were fixed within GM consisting of Ham’s F-10 nutrient mixture (Mediatech, Hern-
don, VA) with 20% fetal bovine serum (FBS) (Mediatech), 5 ng/ml 70% ethanol overnight and then washed with staining buffer (SB)
consisting of 1% FBS and 0.01% sodium azide in PBS. For thebasic fibroblast growth factor (Atlanta Biological, Atlanta, GA), and
1% penicillin/streptomycin (pen/strep) (Gibco BRL) and dissociated detection of the extracellular epitopes, explants were only lightly
fixed in 4% PFA in PBS for 5 min at RT. Myofibers were permeabil-into single myofibers by repeated triturating with a Pasteur pipette.
Myofiber fragments were then allowed to sediment. Debris and sin- ized for 5 min on ice with SB containing 0.25% Triton-X 100 (Sigma),
washed in SB, and incubated with primary antibodies overnight atgle cells were aspirated, and myofibers were washed twice with
phosphate-buffered saline (PBS). Myofiber fragments were then re- 4C or 1 hr at RT. Fluorochrome-labeled secondary antibodies and
Hoechst 33258 were then added for 1 hr at RT. BrdU staining wassuspended in GM and cultured in 6-well plates coated with 5 g/ml
laminin (Gibco BRL) and 0.002% collagen (Sigma) at 37C in 5% CO2. performed as recommended by the manufacturer (PharMingen).
Briefly, cultures were fixed in 70% ethanol, washed with PBS, and
incubated with 4 M HCl for 10 min at RT. Myofibers were thenPrimary Myoblast Cultures
After 96 hr ex vivo, myofiber fragments were aspirated from the washed three times with SB and incubated with anti-BrdU antibod-
ies for 45 min at 37C. For PI staining, cells were fixed with 70%plates, and the wells were washed twice with GM. Adherent cells
were cultured for an additional 24 hr in GM. The wells were then ethanol overnight, washed once with PBS, and incubated with 10
g/ml PI and 1 g/ml RNase A for 1 hr at 37C.washed with PBS, and the cells were detached by incubation with
PBS for 10 min at 37C and gently triturated. Then the cells were
plated onto a plastic tissue culture dish in GM for 40 min to remove Confocal Microscopy
Myofiber explants were prepared for confocal analysis exactly asfibroblasts (which adhere readily to plastic). The cells that remained
in suspension (primarily myoblasts) were transferred onto dishes for routine immunofluorescence microscopy as described above.
Analysis of 10–12 sequential 0.5 m optical sections was performedcoated with the same laminin/collagen mixture as above and main-
tained in GM. Primary cell cultures were usually studied 14–30 days using a Bio-Rad (Hercules, CA) confocal microscope (model 60-WL-
DZ). A dual-labeling method (Texas red/FITC) was used to detectafter the initial isolation.
(C) RNAi targeted to Notch-1 inhibits cell proliferation. Freshly isolated primary cultures were transfected with dsRNA oligos specific for
Notch-1 or control oligos and harvested for Western analysis (left panel) of Notch-1, Numb, and actin. Notch-1 dsRNA diminished levels of
activated Notch-1, but not those of Numb or actin, compared with control oligos. Parallel cultures (right panel) were labeled with BrdU for 2
hr, fixed, and costained with antibodies to full-length Notch-1 (red) and with anti-BrdU (green) antibodies. Hoechst dye staining (blue) was
used to mark nuclei and is shown in the panels showing Notch staining. Notch-1 dsRNA diminished Notch-1 expression and reduced the
percentage of BrdU cells. Two independent experiments produced similar results.
(D) Cell cycle exit is associated with increases in endogenous Numb expression. Numb expression was analyzed during different phases of
the cell cycle by incubating myoblasts with PI (to assess DNA content) and either a control antibody (left panel) or an anti-Numb antibody
(middle and right panels). Cells were then subjected to FACS analysis. Cells maintained in GM were distributed throughout all phases (G0/
G1, S, and G2/M) of the cell cycle with similar levels of Numb in each phase (middle panel). However, when cells were switched to low serum
(LS) medium for 24 hr (right panel), the levels of Numb increased compared with those in cells in GM and the cells accumulated in G0/G1.
Three independent experiments yielded similar results.
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